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Notch genes encode evolutionarily conserved large, single transmembrane receptors, which regulate many cell fate decisions and
differentiation processes during fetal and postnatal life. Multiple Notch receptors and ligands are expressed in both developing and adult
epidermis and hair follicles. Proliferation and differentiation of these two ectodermal-derived structures have been proposed to be controlled
in part by the Notch pathway. Whether Notch signaling is involved in postnatal hair homeostasis is currently unknown. Here, we investigate
and compare the role of the Notch1 receptor during embryonic hair follicle development and postnatal hair homeostasis using Cre-loxP based
tissue specific and inducible loss-of-function approaches. During embryonic development, tissue-specific ablation of Notch1 does not perturb
formation and patterning of hair follicle placodes. However, Notch1 deficient hair follicles invaginate prematurely into the dermis.
Embryonic as well as postnatal inactivation of Notch1 shortly after birth or in adult mice results in almost complete hair loss followed by cyst
formation. The first hair cycle of Notch1 deficient mice is characterized by shortened anagen and a premature entry into catagen. These data
show that Notch1 is essential for late stages of hair follicle development during embryogenesis as well as for post-natal hair follicle
development and hair homeostasis.
D 2005 Elsevier Inc. All rights reserved.Keywords: Notch signaling; Hair placode; Hair follicle; Hair cycle; Conditional gene targeting; Stem cellsIntroduction
Embryonic development of appendages such as hair
follicles is governed by reciprocal signaling between the
mesenchyme and the overlaying epithelial cells. An initial
dermal signal causes condensation of keratinocytes, visible
as an epidermal thickening called placode (Hardy, 1992;
Vielkind and Hardy, 1996; Stenn and Paus, 2001). Once
formed, the placode signals back to the underlying
mesenchyme leading to formation of a dermal condensate
known as dermal papilla. In response to signals from the
dermal papilla, placode cells then proliferate and grow down
into the dermis forming the first hair follicles (Millar, 2002).
Mature hair follicles comprise multiple concentric epithelial0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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1 These authors contributed equally to this work.sheets surrounding a hair shaft. The hair shaft itself consists
of a medulla, cortex and hair shaft cuticle cells which are
surrounded by an inner root sheet (IRS) composed of inner
root sheet cuticle cells, Huxley’s and Henley’s layers. The
companion layer separates the IRS from the outer root sheet
(ORS), which is contiguous with the basal layer of the
epidermis.
Hair follicles undergo self-renewal throughout life. Stem
cells reside within the bulge region which is located in the
upper part of the hair follicle at the level of the insertion of
the arrector pili muscle (Cotsarelis et al., 1990). Hair follicle
stem cells have been defined by their label retaining ability
(Cotsarelis et al., 1990) and their capacity to participate in
the generation of hair follicles, sebaceous glands and
epidermis (Oshima et al., 2001). In addition, progeny of
label retaining cells is able to contribute to the hair follicle
as well as to the epidermis in response to wounding (Taylor
et al., 2000) suggesting that hair follicle stem cells can adopt
multiple cell fates.84 (2005) 184 – 193
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three different phases: anagen, a phase of intensive growth
and hair shaft production, followed by catagen characterized
by apoptosis driven regression and then telogen which is the
resting phase (Hardy, 1992).
Several signaling pathways have been shown to play
important roles during embryonic hair follicle development.
Fibroblast growth factor (FGF), sonic hedgehog (shh),
transforming growth factors (TGFs), bone morphogenic
proteins (BMPs), Noggin, members of the tumor necrosis
factor (TNF) and Wnt families are repeatedly involved at
different stages of ectodermal organogenesis (Fuchs and
Raghavan, 2002; Millar, 2002). However, the molecular
mechanisms regulating hair follicle homeostasis or stem cell
maintenance and differentiation in the adult hair follicle are
largely unknown.
Notch genes encode evolutionarily conserved large,
single transmembrane receptors which regulate many cell
fate decisions and differentiation processes during fetal and
postnatal life (Artavanis-Tsakonas et al., 1995, 1999).
Mammals such as mouse and humans possess four Notch
receptors (Notch1–4) which are activated by five trans-
membrane bound ligands (Delta-like 1, 3 and 4, Jagged 1
and 2) (Radtke and Raj, 2003). Notch signaling is initiated
by ligand–receptor interactions between neighboring cells
leading to a series of proteolytic cleavages of the receptor
close to and within the transmembrane domain. The last
proteolytic cleavage liberating the cytoplasmic domain of
Notch (NICD, Notch intracellular domain) is mediated by
the g-secretase activity of presenilin protein complexes
(Saxena et al., 2001). The liberated NICD translocates to the
nucleus where it heterodimerizes with the transcription
factor RBP-J, thereby activating transcription (Mumm and
Kopan, 2000). Multiple Notch receptors and ligands are
expressed in both developing and adult epidermis and hair
follicles (Favier et al., 2000; Kopan and Weintraub, 1993;
Powell et al., 1998; Rangarajan et al., 2001; Shawber et al.,
1996; Weinmaster et al., 1991, 1992; Yamamoto et al.,
2003). Gain-of- function (Lin and Kopan, 2003; Lin et al.,
2000; Uyttendaele et al., 2004), and more recently loss-of-
function studies (Nicolas et al., 2003; Pan et al., 2004;
Rangarajan et al., 2001; Yamamoto et al., 2003) for genes
within the Notch signaling pathway have suggested several
distinct roles for Notch, such as controlling proliferation and
differentiation of the epidermis and the developing hair
follicles. In addition, RBP-J-mediated Notch signaling has
been postulated to regulate cell fate specification of hair
follicle stem cells at the bulge region. Whether Notch
signaling is involved in postnatal hair homeostasis is
currently unknown. Here, we investigate the role of the
Notch1 receptor during embryonic hair follicle development
and postnatal hair homeostasis using Cre-loxP based tissue
specific and inducible loss-of-function approaches.
Embryonic as well as post-natal inactivation of Notch1
result in hair loss phenotypes characterized by premature
onset of catagen, followed by cyst formation. In contrast,placode formation and patterning during embryonic hair
follicle development are not perturbed by the loss of Notch1
function. Together, these results suggest that Notch1 signal-
ing is essential for post-natal hair follicle development and
homeostasis.Materials and methods
Mice
Notch1lox/lox mice (Radtke et al., 1999) were crossed
with K5CreERT or K14Cre (Indra et al., 2000) transgenic
mice. Double heterozygous Notch1lox/+  K5CreERT+/ or
Notch1lox/+  K14Cre+/ mice were backcrossed to
Notch1lox/lox in order to generate Notch1lox/lox 
K5CreERT+/ (N1 K5CreERT) and Notch1lox/lox 
K14Cre+/ (N1 K14Cre) mice. Genotyping of mice and
preparation of 4-hydroxy-tamoxifen was performed as
previously described (Rangarajan et al., 2001; Radtke et
al., 1999; Indra et al., 1999). To induce Notch1 inactivation
in the Notch1 K5CreERT mice, 1 mg/20 g body weight of 4-
hydroxy-tamoxifen was injected i.p. into either 6-day-old or
8-week-old mice for 5 consecutive days.
Notch1 deletion PCR
Hairs were plucked from control, N1 K5CreERT and N1
K14Cre mice and carefully cleared from contaminating
dermis. Proteinase K digestion was performed on 10 hairs of
each phenotype for 1 h at 56-C and subsequently inactivated
for 10 min at 85-C. PCR analysis was performed on 1 Al of
the DNA containing lysate using a set of three primers able
to distinguish between the floxed and the deleted Notch 1
alleles (Wolfer et al., 2002).
Scanning electron microscopy (SEM)
Hairs were plucked from the anterior dorsal region of
control, N1 K5CreERT and N1 K14Cre mice, stuck to carbon
tabs on aluminium mounts and coated with 350 angstrom
gold. Samples were analyzed under a scanning electron
microscope operated at 5 kV accelerating voltage.
LacZ staining
For whole-mount lacZ staining, timed pregnancies were
set up with wild-type and K14Cre R26R mice. Embryos
were isolated at embryonic day 12.5, 13.5 and 14.5 and
genotyped with PCR primers specific for the Cre recombi-
nase (forward: 5V-GTTCGCAAGAACCTGATGGACA-3V,
reverse: 5V-CTAGAGCCTGTTTTGCACGTTC-3V) and lacZ
gene (5V-CCCATTACGGTCAATCCGCTG-3V, reverse: 5V-
GCCTCCAGTACAGCGCGGCTG-3V). Embryos were
fixed overnight in 1% formaldehyde, 0.2% glutaraldehyde
and 0.02% Triton X-100 at 4-C. Fixed embryos were
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ferricyanide, 3.33 mM potassium ferrocyanide, 0.66 mg/ml
X-gal and 0.1% Triton X-100 in PBS) at 37-C until reaction
developed and were post-fixed overnight in 4% paraformal-
dehyde/PBS at 4-C.
For lacZ staining on skin sections, control and N1
K14Cre skin was isolated. lacZ staining was performed as
mentioned for embryos. Samples were embedded in paraffin
and sectioned at 5 Am thickness. Nuclear counterstaining
was performed with Meyer’s hemalun solution.
In situ hybridization
In situ hybridization was performed on control and N1
K14Cre whole-mount embryos up to E15. Embryos were
fixed in 4% formaldehyde in phosphate-buffered saline
(PBS) overnight, permeabilized by proteinase K digestion
(10 Ag/ml) in 0.3% Tween in PBS, and refixed in 0.2%
glutaraldehyde, 4% formaldehyde in PBS prior to hybrid-
ization (Huelsken et al., 2001). Probes used were DIG-
labeled (Roche, Basel, Switzerland), anti-sense transcripts
of mouse cDNAs Downless (nt 302–1038, AF160502),
BMP2 (nt 825–1524, NM007553), BMP4 (nt 290–1780,
X56848), SHH (nt 120–760, X76290), Patched-1 (nt 134–
1008, NM008957). After hybridization overnight, embryos
were washed in 50% formamide, 5 SSC, 1% SDS at 70-C,
followed by washing with 500 mM NaCl, 10 mM Tris–HCl
and 0.1% Tween at 70-C. Unspecifically bound probes were
digested by RNaseA treatment, followed by extensive
washing in 50% formamide, 2 SSC at 65-C. The DIG-
label was detected by an anti-DIG Fab (Roche, Basel,
Switzerland) coupled to alkaline phosphatase using FAST
NBT/BCIP (Sigma, Basel, Switzerland).
Hematoxylin/eosin staining, immunostainings and
BrdU-labeling
For hematoxylin/eosin (HE) staining, control, N1K5CreERT
and N1 K14Cre skin samples were fixed in 4% parafor-
maldehyde, embedded in paraffin and sectioned at 5 Am
thickness. The slides were deparaffinized and hydrated
gradually through an alcohol gradiant. The sections were
stained for 5 min in hematoxylin, washed in water, dripped
in an acidic alcohol bath and incubated for 10 min in water.
Sections were stained in eosin for 30 s and briefly washed in
water. Finally, samples were dehydrated and mounted.
Hair follicle counting was performed on photographs
from three independent HE stained sections derived from
the skin of three control, N1 K5CreERT and N1 K14Cre
mice.
For keratin14 and keratin1 immunofluorescence, skin
samples were frozen in OCT and sectioned at 7 Am. Sections
were fixed in cold acetone for 10 min, washed three times in
PBS, incubated for 30 min in 10% normal blocking serum in
PBS and then incubated with an anti-K14 (Covance,
Berkeley, USA, dil. 1/3000) or an anti-K1 (Covance,Berkeley, USA, dil 1/500) primary antibody overnight at
4-C. Sections were washed with three changes of PBS for
5 min each, incubated for 30 min with anti-rabbit Alexa
488 conjugated secondary antibody (Molecular Probes, 1/
200) and washed three times with PBS. Sections were
mounted with DABCO antibleaching agent. Photographs
were taken using an axioplan microscope (Zeiss, Feldbach,
Switzerland).
For BrdU-labeling, P9, P11 and P13 littermate control,
N1 K5CreERT and N1 K14Cre mice were injected with
BrdU (0.1 mg/g body weight of 5-Bromo-2V-deoxyuridine,
BrdU 10 mg/ml, Sigma-Aldrich), 2 h prior to sacrifice.
Anterior dorsal skins were collected from mice, fixed in 4%
paraformaldehyde in PBS and embedded in paraffin wax.
Skin sections from littermate control and Notch1 deficient
mice at 9, 11 and 13 days post-partum were stained for HE
(as described) or for keratin 14 (green) and BrdU (red).
Sections were incubated 30 min in 1.5% normal blocking
serum in PBS and incubated overnight with a mixture of rat
anti-BrdU (Oxford biotech., Oxford, England, dil. 1/300)/
rabbit anti-keratin14 (Covance, Berkeley, USA, 1/3000)
primary antibody at 4-C. Sections were washed 3 times with
PBS for 5 min, incubated for 30 min with the anti-rat:Cy3
secondary antibody (Jackson Immunolabs, West Grove,
USA, dil. 1/200), washed 3 times in PBS and incubated 30
min with the anti-rabbit:FITC secondary antibody (Molec-
ular Probes, dil.1/200). After 3 PBS washes, sections were
mounted with DABCO antibleaching agent. Photographs
were taken using an axioplan microscope (Zeiss, Feldbach,
Switzerland).Results and discussion
K5CreERT and K14Cre-mediated inactivation of Notch1
results in hair loss
To circumvent the embryonic lethality of conventional
gene targeted mice for Notch1 (Conlon et al., 1995; Swiatek
et al., 1994), we previously generated mice carrying loxP-
flanked Notch1 alleles (Notch1lox/lox) (Radtke et al., 1999).
To study the role of Notch1 during skin and hair follicle
homeostasis, these Notch1lox/lox mice were crossed to
transgenic mice carrying a tamoxifen inducible Cre-recom-
binase (CreERT) under the control of the keratin 5 promoter
(hereafter: N1 K5CreERT) (Rangarajan et al., 2001). Using
this system, we reported the consequences of loss of Notch1
function in the epidermis. Notch1 deficiency in the
epidermis results in hyperproliferation of the basal epider-
mal layer and deregulated expression of multiple differ-
entiation markers (Rangarajan et al., 2001) followed by the
development of basal cell carcinoma-like tumors (Nicolas et
al., 2003). In addition to these previously reported pheno-
types, we also observe permanent hair loss in these
postnatally induced Notch1 deficient animals. Both gain-
and more recently loss-of-function studies for components
Fig. 1. Embryonic and post-natal loss of Notch1 function results in hair
loss. (A) Four-week-old littermate controls (Notch1lox/lox, Ctrl) or mice with
post-natal Notch1 inactivation mediated by the tamoxifen-inducible K5
CreERT transgene (N1 K5CreERT) or embryonic loss of Notch1 function due
to the constitutively active Keratin14-Cre transgene (N1 K14Cre) are
shown. Both induced and embryonic inactivation of Notch1 results in
permanent hair loss while the remaining pelage in both types of Notch1
deficient mice is shorter compared to that of littermate controls. (B)
Hematoxylin/Eosin staining of skin sections derived from N1 K5CreERT,
N1 K14Cre mice or littermate controls (Ctrl) at P20. Notch1 deficient
animals show a pronounced decrease in hair follicle numbers compared to
littermate controls. Degenerated hair follicles and small cysts are observed
in the N1 K14Cre skin. (C) Quantitative analysis of hair follicle numbers at
P20 of N1 K5CreERT and N1 K14Cre mice reveals a 90% reduction
compared to littermate controls (Ctrl). Quantification was performed on
digitally acquired images (n = 3) from three independent areas of mouse
dorsal skin derived from each genotype. (D) PCR analysis for Notch1 gene
deletion on plucked hairs from control (Ctrl), N1 K5CreERT or N1 K14Cre
mice. Amplification of the Notch1lox/lox allele results in a 350-bp fragment
(N1 floxed) while the deleted Notch1 allele gives rise to a 470-bp band (N1
deleted). Development and growth of the few remaining hairs in both types
of gene-targeted mice is Notch1 independent.
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and cell non-autonomous roles for Notch signaling during
embryonic hair development (Lin and Kopan, 2003; Lin et
al., 2000; Okuyama et al., 2004; Pan et al., 2004; Yamamoto
et al., 2003).
To more specifically investigate and compare the con-
sequences of loss of the Notch1 receptor during embryonic
hair development as well as during postnatal hair homeo-
stasis, floxed Notch1 mice were crossed to transgenic mice
expressing the Cre-recombinase under the constitutive
keratin 14 promoter (hereafter: N1 K14Cre) (Indra et al.,
2000). N1 K14Cre mice inactivate Notch1 during embry-
onic hair and skin development while N1 K5CreERT mice
are used to inactivate Notch1 postnatally. For postnatal
inactivation of Notch1 during anagen, 6-day-old N1
K5CreERT mice and littermate controls (Notch1lox/lox, Ctrl)
were injected i.p. with tamoxifen for 5 consecutive days
(Rangarajan et al., 2001). Analysis of 4-week-old mice with
embryonic (K14Cre–mediated) or induced Notch1 inacti-
vation (K5CreERT-mediated) shows a very pronounced
permanent hair loss phenotype (Figs. 1A, B). Quantifica-
tion of hair follicle numbers in telogen reveals a 90%
reduction of hair follicles in both tissue-specific and
induced Notch1 inactivated mice (Fig. 1C). As shown in
Figs. 1A and B, hair loss is not complete as approximately
10% of hairs remain. This could be due to either inefficient
inactivation of the Notch1 alleles or be the result of a hair
type developing independently of Notch1. To address this
question, 10 individual hairs derived from littermate
controls (Ctrl), N1 K14Cre or induced N1 K5CreERT were
plucked and directly used for PCR analysis using a set of
three primers able to distinguish between the floxed and the
deleted Notch1 alleles (Wolfer et al., 2002). The PCR result
shows that the remaining hairs in both types of conditional
gene targeted Notch1 mice are deleted for Notch1 (Fig.
1D), suggesting that these particular hairs develop inde-
pendently of Notch1 signaling or that another Notch
receptor may compensate for the loss of Notch1. Morpho-
logically, these Notch1 deficient hairs do not correspond to
any of the four known hair types (Guard, Zigzag, Awl and
Auchene (Botchkarev and Paus, 2003)) of the pelage. Hairs
derived from inactivated Notch1 animals are thinner,
shorter and wavy (Fig. 2A). In addition, scanning electron
microscopy (SEM) reveals irregular and broken scales (Fig.
2B), suggesting a defect in the hair cuticle. In this respect,
it is interesting to note that ectopic expression of dominant
active forms of Notch can also lead to hair shaft
abnormalities (Lin et al., 2000) and alopecia (Uyttendaele
et al., 2004), suggesting that the level of Notch signaling is
important for normal hair follicle development and hair
shaft differentiation.
Keratin14-Cre-mediated inactivation of Notch1
Embryonic hair follicle formation requires interaction
and signaling between cells of the ectodermal derivedsurface epithelium and the underlying mesenchyme-derived
dermis. The first hair follicle precursors are visible as cell
condensations named placodes, which are uniformly dis-
tributed over the surface of the epithelium. The regular
spacing of placodes requires competing activities of placode
inducing and repressing signals (reviewed in (Cotsarelis and
Millar, 2001; Stenn and Paus, 2001; Millar, 2002)). The
expression pattern of Notch1 in the ectoderm of the
developing placode and hair follicle (Kopan and Weintraub,
Fig. 2. The remaining Notch1 deficient hairs are abnormal. (A) Light microscopy analysis of hairs derived from Control, N1 K5CreERT and N1 K14Cre mice.
Compared to controls, Notch1 deficient hairs are shorter, thinner and wavy and do not correspond to any of the four hair types of normal mouse pelage (inset
from top: guard, zigzag, auchene and awl). (B) Scanning electron microscopy (4000) of hairs from Control (Ctrl) and both types of Notch1 deficient (N1
K5CreERT and N1 K14Cre) mice showing broken scales.
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1998) suggests a potential role for Notch1 signaling during
placode formation and/or hair follicle development. In order
to investigate its function during this process, we chose to
inactivate Notch1 by using transgenic mice expressing the
Cre-recombinase under the keratin 14 promoter (Indra et al.,
2000). To precisely characterize Cre-activity, transgenic
K14Cre mice were crossed to Rosa R26 reporter mice
(Soriano, 1999). Double transgenic (K14Cre/+Rosa26R/+)
mice were analyzed at different time points of gestation.
Expression of the h-galactosidase gene occurs only upon
Cre-mediated excision of a floxed stop cassette (Soriano,
1999). In this system, Cre-activity is first observed in
placodes of the whiskers at E.12.5, becoming more
pronounced around the belly and the limbs at E.13.5. At
embryonic day E.14.5, h-galactosidase activity is observed
in placodes all over the body as well as in the eye (data not
shown), revealing that the Cre recombinase is already active
during the first wave of placode formation.Fig. 3. Inactivation of Notch1 during embryonic hair follicle development. Express
mount in situ hybridization of control (upper row), and N1 K14Cre embryos (low
and Shh. No differences in expression of these molecules is observed in Notch1Multiple signaling pathways such as the TNF-ligand/
receptor family members Tabby and Downless, the Wnt-
pathway, BMPs, and Sonic hedgehog (Shh) signaling have
been implicated in early placode formation and/or embryonic
hair follicle development (reviewed in (Barsh, 1999; Millar,
2002; Oro and Scott, 1998)). The first wave of placodes
gives rise to tylotrich (guard) hair follicles which make up
approximately 10% of all hair follicles of the mouse pelage
(Botchkarev and Paus, 2003). To investigate whether
inactivation of Notch1 influences expression patterns of
signaling molecules involved in the formation of early
placodes, whole amount in situ hybridization was performed
on control and N1 K14Cre embryos at E15.5. Expression of
BMP2, Downless, Patched1 and Shh is not perturbed in
Notch1 deficient embryos (Fig. 3). Furthermore, comparison
of double transgenic K14Cre/+Rosa26R/+ mice with N1
K14Cre/+Rosa26R mice revealed no difference in perio-
dicity, spacing or placode numbers (data not shown). These
results, together with the unperturbed expression patterns ofion of signaling molecules implicated in hair placode development. Whole-
er row) at E15.5. Hybridization with cDNAs of BMP, Downless, Patched-1
deficient compared to control animals.
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signaling is dispensable for the first wave of placode
formation. As induction of non-tylotrich (awl, auchene and
zig-zag) hair follicles (approximately 90% of the mouse
pelage) starts around E16.5, (Botchkarev and Paus, 2003),
the possible impact of Notch1 deficiency was investigated on
this second wave of development. Histological analysis of
skin sections derived from Notch1 mutant E17.5 embryos
show an increase in hair follicle numbers in the dermis
compared to littermate controls of the same age (Fig. 4),
suggesting that Notch1 deficient epithelial placode cells
invade the dermis prematurely. In addition, the epidermis of
N1 K14Cre mice at E17.5 is significantly thickened
compared to control mice (Fig. 4 inlet), similar to what is
observed in mice with post-natal inactivation of Notch1
(Nicolas et al., 2003; Rangarajan et al., 2001). These results
suggest that Notch1 signaling is involved in regulating
correct onset of hair follicle invagination. In order to
investigate whether Notch1 is involved at later stages of
hair follicle development N1 K14Cre mice and littermate
controls were analyzed at P0, P2, P4 and P13 and at 4 weeks
after birth. While normal hair growth is observed macro-
scopically in littermate controls and hairs are clearly visible
at P13, no hairs are seen in Notch1 deficient animals of the
same age (Fig. 5A). Histological analysis of skin sections at
P2 and P4 reveals that invagination of Notch1 deficient hair
follicles into the dermis is similar to control hair follicles
(Fig. 5B) despite the earlier onset of invagination in Notch1
mutant mice (Fig. 4). However, at day 4 post-partum, Notch1
deficient animals already show a decrease in hair follicle
numbers compared to littermate controls. This reduction in
hair follicle numbers is more pronounced with increasing
age. At P13 Notch1 deficient mice show on average a 40%
reduction in hair follicle numbers compared to control
animals of the same age (Fig. 5B). The bulb region of the
remaining Notch1 deficient hair follicles at P13 is involuted,
and hair shafts are either missing or show an aberrant
structure compared to littermate controls (Fig. 5C), suggest-
ing that Notch1 is essential for proper formation and
differentiation of the hair shaft in the remaining hair follicles.
The majority of hair follicles of 4-week-old Notch1 mutantFig. 4. Premature invagination of Notch1 deficient hair follicles into the
dermis. Hematoxylin/eosin staining of skin sections derived from control
(Ctrl) and N1 K14Cre embryos at E17.5 of gestation. Notch1 deficient hair
follicles are located deeper in the dermis compared to hair follicles derived
from control animals (n = 3). Notch1 deficient epidermis is significantly
thicker compared to control epidermis (inset, 40).mice are either lost or give rise to cysts upon K14Cre-
mediated Notch1 inactivation as shown by the h-galactosi-
dase activity of cysts derived from N1 K14Cre/Rosa26R
mice (Figs. 1B and 5D). These cysts are surrounded by a
multilayered epithelium expressing keratin14 and the early
differentiation marker keratin1 (Fig. 5E), while a late
differentiation marker such as loricrin is not expressed (data
not shown).
A very similar but not identical phenotype has been
observed in conditional gene targeted mice for the RBP-J
gene, which mediates Notch signaling of all Notch
receptors. Nestin-Cre-mediated inactivation of RBP-J leads
to a mosaic loss of function in the epidermis and hair
follicles, characterized by a partial hair loss, cyst formation
and hyperkeratinization (Yamamoto et al., 2003). Hair loss
and cyst formation are similar in both Notch1 and RBP-J
conditional gene targeted mice suggesting that Notch1
signaling in hair follicles is RBP-J dependent. The differ-
ence between these two conditional gene targeted mice is
that RBP-J deficient mice develop more and larger cysts.
Development of cysts is even more pronounced if RBP-J is
inactivated using a tamoxifen-inducible Cre-recombinase
under the control of the keratin 5 promoter (F. Radtke
unpublished data). In addition, RBP-J deficient epidermis
exhibits reduced expression of early differentiation markers
(Yamamoto et al., 2003), a phenotype which is not observed
in mice with skin specific inactivation of Notch1 (Rangar-
ajan et al., 2001), suggesting that Notch receptors other than
Notch1 may be involved in skin and hair follicle develop-
ment. Notch1 is dispensable for placode formation (Fig. 3)
but essential for hair follicle maturation and maintenance,
consistent with the recently reported Msx2Cre-mediated
inactivation of presenilin1 and 2. The Msx2 minimal
promoter drives Cre expression in the apical ectodermal
ridge (AER) of the developing limb as well as in the
embryonic ectoderm and the developing hair follicle
(Kulessa et al., 2000; Lewandoski et al., 2000; Pan et al.,
2004; Sun et al., 2000). Simultaneous inactivation of both
presenilin genes leads to the loss of g-secretase activity
necessary for the proteolytic cleavage of Notch receptors
upon ligand-mediated activation (Pan et al., 2004). Loss of
g-secretase activity does not influence early embryonic hair
follicle development but leads to cyst formation at the end
of the first growth phase (Pan et al., 2004) similar to
K14Cre-mediated deletion of Notch1.
Hair follicle stem cells of the bulge region have been
shown to migrate both up towards the epidermis as well as
downwards to form the hair follicle (Oshima et al., 2001;
Taylor et al., 2000). Hair follicle loss combined with
formation of cysts is often interpreted as adoption of an
epidermal differentiation program since these cysts express
epidermal specific markers (Yamamoto et al., 2003;
Huelsken et al., 2001). It is tempting to speculate that
Notch1 signaling may control a binary cell fate choice of
precursor cells that must choose between the hair follicle
and epidermal differentiation programs in analogy to its
Fig. 5. Postnatal hair phenotype of Notch1 K14 Cre mice. (A) Control (Ctrl) and N1 K14Cre mice at indicated time points after birth (P2, P4 and P13). Notch1
deficient mice do not develop hairs compared to littermate controls. (B) Histological analysis (Hematoxylin/eosin staining) of control (Ctrl) and N1 K14Cre
mice at different time points after birth shows normal invagination of control and mutant hair follicles into the dermis. Hair follicle numbers are reduced in
mutant versus control animals, first visible at P4 becoming more pronounced with increasing age. At P13 N1 K14Cre mice show on average a 40% reduction in
hair follicle numbers. (C) Higher magnification of P13 hematoxylin/eosin stained skin. The bulb regions of Notch1 deficient hair follicles are involuted
compared to littermate controls and hair shafts are either missing or show an aberrant structure. (D) Cyst formation in Notch1 deficient mice. h-galactosidase
staining on adult skin sections derived from 3 month-old control (Ctrl) or Notch1 deficient (N1 K14Cre RosaR26) mice. Staining is found in the epidermis as
well as around the cysts. (E) Immunostaining for keratin14 and keratin1. Cysts developing in Notch1 deficient mice express keratin14 and keratin1.
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regulates T versus B cell fate specification (Wilson et al.,
2001). However, we believe that this is an unlikely
explanation because cell fate specification between hair
and interfollicular skin occurs at the same time as hair
primordia formation (Oshima et al., 2001) which is normal
in the absence of Notch1. Therefore, Notch1 signaling does
not play a role in the cell fate choice between hair and
interfollicular skin. Loss of Notch1 in the developing hair
follicle leads to the perturbation of the hair follicle differ-
entiation program preventing hair shaft emergence and
correct hair formation, leading to epidermal cyst formation
by default.
Inactivation of Notch1 before or shortly after birth results in
premature onset of catagen
The phenotype observed in N1 K14Cre mice suggests
that Notch1 function is dispensable for placode formationbut necessary for postnatal hair follicle development during
the first growth cycle. To investigate whether this hair loss
phenotype is the consequence of Notch1 deficiency during
late embryogenesis, or if Notch1 is still necessary after birth
for the maturation and/or homeostasis of hair follicles in
adult animals, we inducibly inactivated Notch1 either at 6
days after birth or at the age of 8 weeks.
Proliferation of matrix cells in the bulb region of the hair
follicle occurs during anagen and ceases when the hair
follicle enters catagen. The involuted bulb region of Notch1
deficient hair follicles (Figs. 5C and 6A) could be due to
proliferation and/or survival defects of matrix cells, suggest-
ing that Notch1 might be essential for the anagen phase of
hair follicles. Therefore, histological and BrdU labeling
studies were performed on induced (N1 K5CreERT) as well
as on tissue specific (N1 K14Cre) Notch1 deficient mice
and littermate controls and analyzed at the indicated days
post-partum (Fig. 6). Positive BrdU staining of matrix cells
and histological analysis of sections from littermate controls
Fig. 6. Premature onset of catagen in the Notch1 deficient mice. (A) Hematoxylin/eosin staining of skin sections derived from control (Ctrl) and Notch1
deficient (N1 K5CreERT and N1 K14Cre) mice at indicated time points after birth (P9, P11 and P13). Notch1 deficient hair follicles show an involuted, club hair
morphology and more rapid regression towards the epidermis compared to littermate controls of the same age. (B) Keratin14 (K14, green)/BrdU (red) double
labeling performed on skin sections of control (Ctrl) and Notch1 deficient mice (N1 K5CreERT and N1 K14Cre) at indicated time points after birth. Matrix cells
of Notch1 deficient hair follicles cease proliferation after day 9 post-partum (P9) while matrix cells of control hair follicles are still proliferating at P13 of the
anagen phase.
S. Vauclair et al. / Developmental Biology 284 (2005) 184–193 191indicate that at day 9 post partum the hair follicles are in the
anagen phase of the hair cycle. In contrast, hair follicles of
induced as well as of constitutive Notch1/ mice at the
same stage showed very few BrdU positive matrix cells in
the bulb region, indicating that only a few matrix cells are
still proliferating, a typical sign of the end of the anagen
phase. No BrdU positive matrix cells were found at later
stages in the bulb region (Fig. 6B). In addition, the Tunnel
assay indicated that the absence of BrdU positive cells in N1
K5CreERT hair follicles at later stages was not due to
increased apoptosis of matrix cells (data not shown).
Therefore, induced and constitutive Notch1/ mice cease
hair growth and enter catagen much earlier (day 11)
compared to littermate controls (day 15), as demonstrated
by involution of the bulb region and the absence of BrdU+
matrix cells of the hair follicle (Figs. 5 and 6). At the age of
4 weeks induced N1 K5CreERT mice have permanently lost
90% of their hair (Fig. 1). The same permanent hair loss
phenotype is observed if Notch1 is inactivated in adult
animals at the age of 8 weeks (data not shown), suggesting
that Notch1 is not only essential for the first growth phase of
hair follicles but also for hair follicle homeostasis during
adult life.
BMP and FGF5 signaling has been shown to be
involved in the regulation of postnatal hair follicle
differentiation and cycling. Overexpression of the BMPinhibitor Noggin leads to postnatal hair loss and premature
onset of catagen (Guha et al., 2004; Kulessa et al., 2000).
This has led to the suggestion that inhibition of BMP
signaling may trigger the onset of catagen during a normal
hair cycle. Another signaling molecule involved in the
anagen/catagen transition is FGF5, which is upregulated in
late anagen phase (Rosenquist and Martin, 1996). In
FGF5 deficient mice, catagen induction is delayed
resulting in unusually long hair (known as angora
phenotype) (Hebert et al., 1994). However, immunohis-
tochemical analysis of Bmp2/4 and Noggin as well as RT-
PCR analysis for FGF5 in Notch1 deficient animals does
not show any obvious correlation between premature onset
of catagen and deregulation of Bmp, noggin or FGF5
(data not shown).
In summary, our data show that while Notch1 signaling
is dispensable for early embryonic placode formation, it is
involved in regulating invagination of hair follicles into the
dermis coincident with induction of non-tylotrich hairs.
Loss of Notch1 leads to a gradual loss of hair follicles
shortly after birth and/or cyst formation, as well as to
premature onset of catagen in the remaining hair follicles.
However, 10% of hairs (not corresponding to any of the
four known hair types) remain and develop independently
of Notch1. These hairs are shorter and show broken and
irregular scales. The short length is presumably due to the
S. Vauclair et al. / Developmental Biology 284 (2005) 184–193192premature onset of catagen in the absence of Notch1, while
the abnormal hair shaft structure points to a role for
Notch1 during hair shaft differentiation. In addition,
Notch1 is essential for postnatal hair homeostasis as
inducible inactivation of Notch1 in adult animals, results
in the same hair loss phenotype. Thus, Notch1 is essential
at multiple stages of hair follicle differentiation and
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